INTRODUCTION
Persisting Epstein-Barr virus (EBV) genomes in lymphoid cell lines are controlled by regulatory mechanisms that have so far not been defined. Usually, these mechanisms allow the constitutive synthesis of EBV-specific nuclear antigen (EBNA), but restrict the synthesis of virus early antigens (EA) and virus capsid antigens (VCA) at a cell line-specific level.
Addition of halogenated pyrimidine analogues (Hampar et al., 1972; Gerber, 1972) , antiserum to human IgM (Tovey et al., 1978) , turnout-promoting phorbol esters (zur Hausen et al., 1978 (zur Hausen et al., , 1979 , n-butyric acid (Luka et al., 1979) and a recently described inducing serum factor (Bauer et al., 1982a, b, c) can induce the synthesis of virus antigens.Typically, even in the presence of saturating concentrations of inducer, only a relatively small percentage of cells within the total population is induced to synthesize virus antigens.
It has been noted before that combined application of inducers may lead to much higher values of induced cells than the sum of cells induced by application of individual inducers (Tovey et al., 1978; Lenoir, 1979; Yamamoto et al., 1980; Ito et al., 1981 ; Bauer et al., 1982a) . Lenoir (1979) as well as Ito et al. (1981) have reported cooperation for the action of 12-Otetradecanoylphorbol 13-acetate (TPA) plus n-butyric acid (n-BA). Yamamoto et aL (1980) have described cooperativity for the combined action of TPA plus 5'-iodo-2'-deoxyuridine (IUdR) and TPA plus n-BA, whereas Tovey et al. (1978) did not observe cooperation between TPA and IUdR but did find cooperation with IUdR and antibody to IgM. We have shown recently that a serum factor can efficiently cooperate with TPA, IUdR, n-BA and anti-IgM (Bauer et al., 1982a) .
In none of the reports mentioned above was cooperative action studied on the basis of quantitative relations between doses of combined inducers and induction, nor was any attempt made to define qualitative differences between various cooperative combinations of drugs.
Here, we establish a quantitative analysis of cooperativity. We show that in the cooperative process the pool size of inducible cells is enlarged and that the dose of the first inducer necessary for half-maximal induction is shifted significantly to lower values by the presence of the second inducer. The existence of subpopulations of cells inducible by specific combinations of inducers is established.
METHODS

EBV-genome-positive cell lines.
In standard induction assays we used the Raji Burkitt lymphoma cell line (Pulvertaft, 1965) . Besides Raji, the following lymphoid cell lines were used: the Burkitt lymphoma lines EB3 (Epstein et al., 1965) , GOR (Pope et al., 1967) , P3HR-1 (Hinuma et al., 1967) , the human lymphoblastoid cell lines K aplan (Diehl et al., 1969) , SU-EBV (established from a patient with acute lymphatic leukaemia; U. Schneider, Stuttgart, personal communication), SK163 (established from a patient with Hodgkin's disease; V. Diehl, Hannover, personal communication) , as well as the marmoset cell lines B95-8 (Miller & Lipman, 1973) , M-ABA (Crawford et al., 1979) and Nyevu CC34 (Miller et al., 1976 ) that had been established by infecting the lymphocytes of cottontop marmosets with human EBV.
Culture of lymphoid cells. Cells were cultured in RPMI 1640 medium (Gibco), supplemented with penicillin (40 units/ml), streptomycin (50 I~g/ml), neomycin (10 ~tg/ml), moronal (10 units/ml), glutamine (280 Ixg/ml), 8% calf serum and 2% foetal calf serum for Raji cells, and 10% foetal calf serum for all other cells. Calf serum (prepared from blood obtained from a local slaughter-house) and foetal calf serum (Seromed, Mfinchen, F.R.G.), were incubated at 56 °C for 30 min prior to use. Cell cultures were kept in Erlenmeyer flasks at 37 °C with 7% CO2 in a humidified atmosphere as static cultures. Cultures were split 1 : 2 or 1 : 3 twice a week. Cell density was never below 3 x 105 cells/ml.
Inducers of EA synthesis. Besides the inducing serum factor (Bauer et al., 1982a, b) , we used the inducers TPA (zur H ausen et al., 1978, 1979) , IUdR (Gerber, 1972; Hampar et al., 1972) , n-BA (Luka et al., 1979) and antibody to IgM (Tovey et al., 1978) .
TPA (Sigma) was dissolved in dimethyl sulphoxide at a concentration of 200 ~tg/ml. It was stored at -20 °C under a layer of nitrogen gas. Unless otherwise stated, TPA was applied at 20 ng/ml final concentration. IUdR was dissolved in sterile double-distilled water as a stock solution of 2 mg/ml. It was protected from light and stored at 4 °C. Standard concentration in the induction system was 50 ~tg/ml. n-BA (Sigma) was diluted with doubledistilled water to a stock concentration of 1 M. It was stored at 4 °C and applied at the concentrations indicated in the text.
Rabbit antibody against the #-chain of human IgM (anti-IgM) (Behringwerke, Marburg, F.R.G.) was stored undiluted at 4 °C. The preparation used in these experiments contained 600 IU/ml. It was applied at a final concentration of 1% (v/v) unless stated otherwise. Inducing serum factor was purified from calf serum by ammonium sulphate precipitation, DEAE-cellulose and DEAE-agarose chromatography, BioGel A5 molecular sieve chromatography and glycerol gradient centrifugation (Bauer et al., 1982b) . Serum factor was maximally activated by the addition of 1/10 vol. 2 M-NaOH, followed by neutralization with 1 M-HCI. The activation was carried out at room temperature. In some of the experiments crude serum was used instead of purified factor. The serum was activated in the same way as the factor. Fifty ~tl of activated serum per ml of assay mixture contained saturating amounts of active serum factor (Bauer et al., 1982a) .
Standard induction system. Cells from exponentially growing cultures were sedimented and resuspended in fresh complete medium. Cultures (in Costar tissue culture cluster plates) were given the indicated concentrations of the respective inducer(s) and started with a cell density of 3.5 x 105 cells/ml. Incubation at 37 °C with 7% CO2 in a humidified atmosphere was performed for 2 days.
Demonstration of EBV-specific antigens. Cells were sedimented by low-speed centrifugation, washed once with phosphate-buffered saline (PBS) and resuspended in a small volume of PBS. They were spotted on glass (50000 cells per 0.5cm2), dried by air, fixed in acetone at -20°C for 7min and stained by the indirect immunofluorescence technique of Henle & Henle (1966) . Human sera with antibodies to EBV antigens were obtained from our diagnostic unit with the following titres: (i) anti-EA 1:256, anti-VCA 1:1024; (ii) anti-EA < l : 8, anti-VCA 1 : 2048. They were tested for the absence of Hbs antigen prior to use. Smears of fixed cells were incubated with a 1 : 40 dilution of appropriate antibody at 37 °C in a humidified atmosphere, washed with PBS for 5 min and thereafter incubated with a 1:40 dilution of fluorescein-conjugated antibody to the ~,-chain of human IgG (Behringwerke) for 30 min. After washing in PBS, the percentage of fluorescent cells was determined by counting using a fluorescence microscope. Routinely, a total of at least 500 cells per assay was counted. When the proportion of fluorescent cells was below 1%, the total number of positive cells per slide was determined.
RESULTS
Inducing combinations of drugs
Optimal doses of IUdR, n-BA, TPA, antibody to human IgM and the serum factor induce the synthesis of virus antigens in only a certain, relatively small percentage of cells within a Raft cell * Standard assays (1 ml total volume, 3.5 × 105 Raji cells/ml) contained the indicated inducers or combinations thereof. Concentrations were as follows: TPA 20 ng/ml, in expt. 2 16 ng/ml; IUdR 50 Ixg/ml, in expt. 2 12-5 ~tg/ml; n-BA 3 mM in expt. 1, 10 mM in expt. 3, 15 mM in expt. 2; anti-IgM 1 ~; activated serum factor 50 ~tl of activated serum/ml in expt. 1 and 3, 4 ~tg/ml of partially purified serum factor in expt. 2. EA-positive cells were determined after 2 days (expt. 2 and 3) or 3 days (expt. 1).
population. The level of induction is characteristic for each inducer (Table 1) . Certain combinations of inducers result in an induction that is much higher than the sum of percentages of induced cells obtained by the action of individual inducers (Table 1) . As can be seen from Table 1 , there is cooperative activity for the combination of activated serum factor with any of the four inducers, TPA, IUdR, n-BA or anti-IgM, and, in addition, for the combinations TPA plus IUdR and TPA plus n-BA. Any other combination did not lead to a measurable cooperative effect. Kinetic analysis of the induction by cooperative combinations of drugs showed that there was a faster increase of EA-positive cells than in the induction by single inducers alone (Fig. 1) . The general pattern of the induction kinetics for individual inducers as well as for their cooperative combinations is virtually the same. In each case, maximal induction was reached after 2 or 3 days. Parallel measurement of the numbers of viable cells showed that, except for the serum factor, application of individual inducers or combinations of inducers arrested cell growth.
In an additional experimental approach, cooperative action was studied in its response to various doses of different inducers. These experiments were designed to characterize cooperation on a quantitative basis. We wanted to test whether combinations of inducers that did not show cooperative effects even though they were applied at their optimal concentrations (determined beforehand by a single application) would be able to cooperate if suboptimal doses of the respective drugs were combined. Fig. 2 shows induction experiments in which increasing concentrations of one inducer were combined with increasing concentrations of a second one. Fig. 2 (a) may be regarded as the prototype curve obtained for cooperative combinations of drugs in this type of analysis. In Fig.  2 (a) the effect of TPA on the induction of EA by IUdR was analysed. Increasing concentrations of IUdR alone lead to an increase of induced cells. The effect reached a plateau with no further increase in the percentage of induced cells. For IUdR, and for each other inducer applied individually, the plateau level of induced cells was usually below 5 or 10~o. When increasing concentrations of TPA were applied in addition to a constant concentration of IUdR, the heights of the plateaus were increased dependent on the dose of TPA. TPA concentrations above 16 ng/ml did not raise the total induction further. In this experiment, any value of induction reached by the combined action of inducers was higher than the sum of induction obtained by the same doses of individually applied inducers. Determination of the concentrations of IUdR that are required for half-maximal induction in the various inducer combinations showed that with increasing concentrations of TPA, those of IUdR required for half-maximal induction were shifted to a lower range. It will be shown later ( Table 2 ) that there was a more than fourfold reduction of the concentration of IUdR required for half-maximal induction between the two extreme curves of this experiment (no TPA/saturating TPA). Altogether, this analysis shows that the cooperative combination of TPA plus IUdR leads to an induction much higher than the summation of the induction by the individual inducers, to a pronounced increase of cells that can be induced and to a significant shift of the dose necessary for half-maximal induction. By analogy to Fig. 2(a) , combinations of TPA plus n-BA (Fig. 2b) , IUdR plus serum factor (Fig. 2c) , n-BA plus serum factor (Fig. 2d) , TPA plus serum factor (Fig. 2e) , anti-IgM plus serum factor (Fig. 2f) show the same type of cooperation, and, therefore, by our definition, may be termed cooperative combinations. In contrast, combinations of n-BA plus IUdR (Fig. 2g) , anti-IgM plus TPA (Fig. 2h) , anti-IgM plus IUdR (Fig. 2i) and anti-IgM plus n-BA (Fig. 2 ./') were not cooperative. Fig. 2 . Dose-response relationships between inducers and induction. Assay mixtures of 1 ml contained 3.5 x l0 s Raji cells/ml and the indicated concentrations of inducer(s). Serum factor had been purified by sequential ammonium sulphate precipitation, chromatography on DEAE-agarose and molecular sieve chromatography as previously described (Bauer et al., 1982b) . Within the experiment described in Fig. 2 , inducers were pipetted from one common master dilution to ensure identical concentrations. Cell cultures were incubated for 2 days and the percentages of EA-positive cells were determined. (a, b) inducer + TPA at indicated concentration (ng/ml); (c to J) inducer + serum factor (lxg/ml); (g) n-BA + IUdR (~g/ml); (h) anti-lgM + TPA (ng/ml); (i) anti-IgM + IUdR ~g/ml); (j) anti-IgM + n-BA (mM). ). Column c represents the sum of inductions obtained by TPA (indicated concentration), IUdR (50 ttg/ml), and serum factor (4 ~tg/ml) in individual assays. The values in column d were calculated by addition of the induction values obtained for TPA plus serum factor (same assay) and IUdR plus serum factor (same assay). Column e represents the values actually measured for the combined action of TPA (indicated concentration), IUdR (50 ~tg/ml) and serum factor (4 ~tg/ml).
We then analysed whether cooperative combinations of two inducers were exhausting the pool of maximally inducible cells of the cell population at an early stage, or whether there exist different subpopulations of cells accessible to the action of different cooperative combinations. Therefore, those combinations of two inducers that cooperate were tested for induction in the presence and absence of a third inducer with cooperative potential. As shown in Fig. 3 (a, b) , addition of the serum factor to the cooperative combinations TPA plus IUdR or TPA plus n-BA increased even more the percentage of ceUs induced and shifted the dose-response curve farther towards the range of lower concentrations. In contrast, addition of n-BA to the combination of TPA and IUdR showed an enhancing effect only as long as IUdR was present at suboptimal concentrations (Fig. 3 c) . When saturating concentrations of TPA and IUdR were present, n-BA did not affect the size of the population of inducible cells. As expected, addition of the factor to the combination of TPA, IUdR and n-BA still enhanced the percentage of induced cells in this experiment. These results demonstrate that n-BA and IUdR reach the same target subpopulation when in combination with TPA. IUdR and n-BA can substitute for each other, but cannot replace TPA or the serum factor. The ability to substitute for each other indicates a qualitative similarity in the action of IUdR and n-BA. In this experiment, the enhancement of induction by addition of the serum factor shows that the factor enables the induction of a cell pool or subpopulation that is not reached by the combined actions of TPA plus IUdR and TPA plus n-BA. This quantitative difference in action points to qualitative differences. Table 2 illustrates the shift of the dose of IUdR necessary for half-maximal induction and the increase in cells inducible by the combination of TPA and IUdR, both in the absence and presence of serum . A further control mixture in (c) obtained increasing concentrations of IUdR, plus 80 ng/ml TPA, plus 15 mM-n-BA plus serum factor (V). Serum factor used in this experiment was purified as described in Fig. 2 . The numbers in (a to c) indicate the respective concentrations of TPA (ng/ml) present. F = presence of saturating concentrations of serum factor. factor. Table 2 also shows that the percentage of induced cells is much higher than the sum of percentages of induced ceils reached by application of individual inducers. Addition of the serum factor to the combination of TPA plus IUdR further enhances both * Standard induction assays (1 ml) contained the indicated inducers and 3-5 x 105 cells/ml of the indicated cell lines. Concentrations of the inducers were as follows: TPA (20 ng/ml), IUdR (50 ~tg/ml), n-BA (10 mu), serum factor (50 ~tl activated serum/ml). EA-positive cells were determined after 2 days. Combinations of inducers that led to an induction that was at least 1.5 times higher than tile sum of inductions reached by singly applied inducers were classified as cooperative and are indicated in bold type.
effects. The dose of IUdR necessary for half-maximal induction is shifted to even lower values and the total percentage of inducible ceils increases. The total number of cell induced by TPA plus IUdR plus serum factor is much higher than the sum of induced cells seen after application of single inducers. Furthermore, it is higher than the sum of ceils reached by induction by TPA plus serum factor and IUdR plus serum factor. The latter difference demonstrates the additional effect of the combination of IUdR and TPA that cannot be substituted by the combined action of the serum factor plus IUdR or the serum factor plus TPA. This, therefore, points to the existence of qualitative differences between superinduction by serum factor plus TPA, the serum factor plus IUdR and TPA plus IUdR as well as to the existence of subpopulations of cells with a defined pattern of response to these combinations.
Response of other lymphoid cell lines to superinducing combinations of drugs
We have shown recently that the action of the inducing serum factor is restricted to some Burkitt lymphoma cell lines (Raji, Daudi, EB3, GOR and Jijoye) and to the transformed marmoset cell lines B95-8 and Nyevu CC35 (Wittmann et al., 1982) . Here we tested several cell lines for inducibility. As can be seen from Table 3 , only a few of the cell lines showed cooperation for the combination of the serum factor plus any of the inducers (TPA, IUdR, n-BA) or TPA plus IUdR or TPA plus n-BA respectively. Cooperative activity by any of the combinations was not necessarily correlated with cooperative activity by others. This again points to qualitative differences between the action of different combinations of drugs with cooperative potential. Table 3 also shows the existence of merely additive induction. According to our definition of cooperative activity as an induction that is significantly higher than the sum of inductions reached by application of single inducers, additive effects, which indicate parallel action, are not classified as cooperative. Additive effects of inducers seem to reflect different pools of cells accessible to different single inducers.
DISCUSSION
In lymphoblastoid cell lines harbouring latent EBV information the synthesis of virus EA or VCA is restricted to a defined level. In non-producer cells, this synthesis is completely blocked. Several chemical inducers, like TPA, IUdR, n-BA, anti-IgM and a recently discovered humoral factor, can overcome the regulatory block and induce the synthesis of virus antigens. However, only a small subpopulation of the cells is accessible to the action of the respective inducers. Inductions at saturating concentrations of the inducer usually reach plateau values of less than one-tenth of the cells. When the serum factor is combined with any of the four inducers listed above, or when TPA is combined with IUdR or n-BA, the inducible cell population is significantly increased. Characteristically, the total induction is much higher than the sum of inductions reached by application of individual inducers. The high percentages of induced cells are due to de novo induction. Analysis on the level of dose-responses shows that cooperative combinations led to two significant changes within the induction system. Firstly, the plateau values for inducible cells are shifted to higher values dependent on the concentration of the second inducer added to saturating concentrations of the first inducer. Eventually, saturation is reached for both inducers, i.e. the plateau of inducible ceils cannot be exceeded by higher concentrations of the second inducer. Second, the response of induction to the dose of the first inducer is shifted to a much more sensitive range by the second.
Thus, cooperative activity increases the subpopulation accessible for induction and increases the sensitivity of induction with respect to the concentration of inducer. On the level of the individual cell, therefore, cooperative activity of inducers clearly increases the chance of induction. These characteristics of synergism are identical for all cooperative combinations.
The serum factor can interact with any of the four chemical inducers. This result points to an action of the factor at a central step within the induction process. The existence of a central and common step for induction is further supported by the sensitivity to retinoic acid of all inducers used in this study and their combinations (data not shown).
In the cooperative combinations TPA plus IUdR or TPA plus n-BA, TPA seems to be the component that determines cooperativity, as the combination of n-BA plus IUdR does not allow cooperation. The action of n-BA and IUdR in the induction process seems to be qualitatively identical, as each can substitute for the other when combined with TPA. The effects of TPA and the serum factor seem to be qualitatively different from each other, as the factor can still enhance induction when it is added to saturating combinations of IUdR plus TPA or n-BA plus TPA. The mechanism leading to cooperation remains unclear. Also, the differential response of various cell lines to certain superinducing combinations is not understood. It reflects both the qualitative difference between different cooperative combinations of inducers, and differences in the regulatory set-up of these cell lines.
In vivo, cooperative activity may lead to a higher chance of derepression of latent virus information when several inducers are present, even at otherwise suboptimal doses. The serum factor, which is present in the blood of all vertebrates and that is convertible from an inactive to an active state, may play an important regulatory role.
